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ABSTRACT
Fusion technology assessment is an evaluation of design
choices and engineering options for full-scale fusion reactors. In
this thesis, we study, and evaluate a sample of three critical problems
in fusion technology; these are: a) the neutral gas cooling blanket
for the Reference Theta Pinch Reactor (RTPR), b) the magnet system
for the Laser Heated Solenoid (LHS), and c) a toroidal magnetic
divertor for the Elmo Bumpy Torus Reactor (EBTR).
In problem a), the establishment of a neutral gas blanket
for plasma cooling is accompanied in the RTPR by a very short transient
which produces large temperature excursions at the wall surface,
through high energy charge-exchange neutral bombardment; these ex-
cursions were not accounted for in the preliminary RTPR design,
and are severe enough to substantially reduce the life expectancy
of the wall.
In problem b), the practicality of the LHS Reactor is
evaluated based on its ability to operate at very high magnetic
fields (400-500 KG). We impose requirements on strength of materials,
safety factor, neutronics and wall power load on the magnet system,
to find that these high fields are inaccessible for power producing
reactors.
Finally, our study of magnetic divertors, problem c) shows
that the scrape-off plasma profile is very steep due to the unstable
nature of this region; this situation gives rise to very low plasma
density near the wall, a desirable feature. However, the tenuous
scrape-off plasma is unable to shield impurities sputtered from the
wall. Impurity control is achieved by placing the wall as far away
as possible. The advantages of divertors are geometric in nature;
a long and narrow channel and a large collector area give the best
results, and can be achieved through careful engineering.
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Chapter I
Fusion Technology Assessment.
A fusion power plant, when finally deployed, will be the
end-product of extensive theoretical and experimental efforts, in
diciplines ranging from plasma physics to metalurgy to the health
and social sciences. In this sense, the engineering of these devices
requires that the large variety of fields involved are made to converge
to a point where none of them is altogether excluded. Clearly, the
state of the art is not yet fully ripe to determine whether or not
such a point does, in fact, exist. In a much smaller scale, however,
and looking in the direction of science and technology, it is now
possible and necessary to look more closely at the issue of engineering
extrapolability. Fusion technology assessment is a field that
exists in response to this need. In essence, the field is an evaluation
of design options and engineering choices for full-scale reactors.
It looks into the technological feasibility of proposed designs,
and searches for constructive alternatives to those which appear
unfeasible. In general terms, its purpose is to bring all related
fusion research into the realm of engineering practicality.
This thesis comprises a study of this nature, on a real,
current, and critical sample of engineering options and problem areas
in controlled fusion. Because of the large diversity in fusion concepts
which exist today (i.e., linear, toroidal, pulsed, steady, high,
and low 6, etc.), the problems associated with one appear in varying
degrees of severity in the others, or in some cases do not appear
at all. Thus, it is necessary to look at each particular system
independently; this is not entirely undesirable, since aside from
making each problem more analitically tractable, the results provide
insight on the extent to which it may appear in other systems, and
under what conditions a particular scheme or device will or will not
work; flexibility, as distinct from generality, is a good attribute,
and is one of our desiderata.
Our attitude throughout this work has been to understand
the physical process, and evaluate its consequences in terms of very
real quantities, such as reactor power, and strength of materials.
In order to carry out this evaluation, it has been necessary, in some
cases, to develop physical models, to describe the behavior of the
plasma as an entity intimately linked to its material surroundings;
Chapters II and IV are examples of this. In other cases, the assessment
proceeds by developing an "option space" based on a set of design
criteria; this process is illustrated in Chapter III in connection
with the Laser Heated Solenoid.
Chapter II of this thesis is an assessment of the neutral
gas blanket proposed by LASL to remove the post-burn plasma energy,
in their theta-pinch reference design. A somewhat parallel assessment
was carried out at LASL to determine the feasibility of the concept.
Their initial results indicated that if a gas blanket could be set up
in the near vacuum region between the plasma and the wall, then it
would transport the plasma energy to the wall by a slow thermal conduction
process. Our assessment however, was prompted by the belief that severe
problems would arise, not during the quasi-steady operation of
the blanket, but during the relatively short (psec) transient necessary
to establish it. Our preliminary calculations indicated that the
charge exchange reaction (the most likely to occur under these con-
ditions) provided a mechanism by which the plasma energy would be
transported to the wall by a much faster process, i.e., energetic
neutral atoms. The more detailed analysis which appears in Chapter II
confirmed our suppositions, and shows that the transient period pro-
duces large temperature excursions at the wall surface, in a very
short time; this would severely reduce its expected lifetime.
Similar time dependent calculations for the modeling of the
transient were performed at LASL; their results disagree with ours
by a substantial amount. The reason for the discrepancy is a funda-
mental one; in their modeling scheme, the LASL group used a sheath
of fixed thickness where the charge exchange reactions were assumed
to take place; in our analysis, we develop the concept of a propagating
charge-exchange front which arises because of the velocity dependency
of the mean free path (i.e., longer in cold than in hot plasma);
the gas particles therefore penetrate deeper finding more of the main
plasma accessible for charge exchange. The end result is higher
energy deposition, and higher temperature excursions at the wall
surface. We do make the assumption that the energy appears in the
wall as raw heat, and we do not account for processes such as sputtering,
which would make the situation worse. It appears, that since the
neutrals do not penetrate very deeply into the wall material (-.1 pm),
and since the process takes place so fast, the heating is very localized,
with no thermal conduction through the material. This leads to
stresses induced by differential expansion, fatigue and eventually
cracks.
In Chapter III we look at the engineering feasibility of another
device, the Laser Heated Solenoid (LHS). This reactor concept
calls for the heating of long (1-2 km) magnetically confined plasma
columns by means of laser light. In order to provide adequate laser
absorption, this system must be able to operate at very high magnetic
fields, It is on this particular point where we have based our assessment.
For the Laser Heated Solenoid, the creation of very high
fields introduces a particularly severe set of engineering constraints;
the first one of these is that the coils must be able to withstand
tremendous pulsed stresses; the solenoid must, therefore, be rather
thick and with a very small bore. Topologically, this means that the
neutron blanket must be placed outside, and all the neutrons which
get there to generate power as well as tritium, must first pass
through the coil windings. Clearly the coil must not be too thick
or it whill degrade the neutron spectrum, in addition to absorbing
neutron energy and wasting it as low grade heat (via the coil coolant),
and yet it must not be too thin or else it will break; one dimension
of the coil can therefore be specified through these constraints.
One further constraint completely fixes the coil's dimensions (radius,
and thickness), and that is its inner radius can not be smaller than
that allowed by wall power load limits (i.e., 1-2 MW/m 2). The end
result is that the size of the magnet, and therefore, the maximum
allowable magnetic field is determined; this result leads directly
into an optimistic upper limit on the reactor power. The conclusions
are presented in the form of a plot of reactor power as a function
of magnetic field; the "option space" or region in this plot where
reactors of this type could operate (in principle), is shown as
a shaded region bounded by curves which represent the various
materials and neutronics constraints. Inspection of the option space
shows that the very high fields are infeasible, and reactors operating
inside the option space produce little power. Thus, even before
reaching such refinements as end-of-pulse wall protection (as we
studied in the theta pinch) we conclude that the laser heated
solenoid will not work, at least without some basic invention
not now foreseen.
Finally, Chapter IV adresses the subject of magnetic
divertors. These are systems to be used for impurity control and
wall protection in long-pulse or steady state reactors. The divertor
achieves its function by "peeling-off" the plasma layers closest
to the wall, and sending them into a burial chamber, where the energy
is extracted, and the plasma is neutralized and removed. The energy
extraction is accomplished by allowing the plasma to hit a surface,
called a collector plate, where a suitable coolant removes the heat.
As it will become apparent in Chapter IV, the collector plate must
be very large since it must absorb all the charged particle energy
that would otherwise fall on the vacuum wall. This is an area where
substantial gains can be accomplished by careful design.
Assuming that the collector is sufficiently large to meet
heat transfer requirements, another problem is investigated, namely,
that of impurity backflow from the burial chamber into the main
plasma; once again, we find that the problem can be properly
circumvented by careful design; for example, if the probability for
ionization of the impuriites sputtered from the collector plate
is low, and their density is also maintained low, their flow is
molecular, and a substantial reduction in the backflow is achieved
by making the connection to the main plasma in the shape of a long
and narrow channel.
Some other features inherent in the "peeled-off" plasma are
discussed; the most important of these is the mechanism responsible
for the flow of plasma into the burial chamber. Although a large
amount of research is still needed, the general outlook for divertors
is positive. This has partially been substantiated by encouraging
experimental results at Culham Laboratory.
Having said this, the problems in technology assessment
outlined above will now be taken up sequentially.
Chapter II
First Wall Damage by Charge Exchange Neutrals
II.1 Introduction
Several concepts for reducing the total damage to the reactor
first wall have been suggested; among them are: a liquid lithium
surface, as in the Blascon and Wetted Wall concepts for laser fusion(1)
magnetic divertors(2) (to be discussed later), and neutral gas
blankets, to be used in theta pinch reactors (3), and perhaps in
high and low 6 tokamaks 4 . Our study on the feasibility of the
gas blanket concept, has uncovered a peculiar problem which turns
out to be particularly important for the theta pinch reactor. This
problem is that of charge exchange between neutral gas atoms
(and molecules), and hot plasma ions.
In the Reference Theta Pinch Reactor (RTPR)(3), which we
use to illustrate this problem, the hot plasma expands as the
confining magnetic field falls at the end of the burning cycle.
To prevent it from damaging the vacuum wall, the designers pro-
pose to inject a neutral deuterium-tritium mixture gas blanket into
the vacuum interspace thus both cooling the plasma and providing
the fuel for the next operating cycle. Typically, the duration of
the burn is 100 msec while the duration of the cooling, is 2-3 sec.
The overall plant operates at a repetition rate of 1 pulse every
21_ 22 -310 seconds. The appropriate gas density would be 10 -10 m3 .
Previous studies(3) indicate that the ionization of the neutral
gas adjacent to the plasma would, quickly, establish a quasi-steady
temperature profile, which would carry the plasma energy (about
4 MJ/m) to the wall, slowly enough for the wall to be able to
accept it. The heat transfer mechanisms would be ion thermal con-
duction near the plasma, and neutral atom thermal conduction near
the wall. The sputtering problem would be alleviated since it
would be caused primarily by low energy neutral atoms. However,
and in view of the fact that the above situation is not established
instantaneously, a proper study of the gas blanket must account
for transient effects during the first few microseconds after
the gas is allowed to enter.
At the plasma energies of interest (%10 KeV and lower),
and because of the distribution of gas particle velocities, the
predominant process of energy removal during the transient is
heat convection by high energy charge exchange neutrals. This
initial convection process results in enhanced sputtering and
rapid temperature excursions at the wall surface.
If the neutral particle energy is assumed to appear as
raw heat at the wall surface, then our physical model predicts
temperature expansions of 5000 K during a transient lasting
%6 psec. In the theta pinch, this is insufficient to cause
surface melting of the insulator. The same conclusion for a pure
niobium wall has been reached by Oliphant, et al.(5) , using a
computer code which models the charge exchange rate in a static
sheath of fixed thickness (2 cm) at the plasma edge.
Whereas our model introduces the concept of an advancing
charge exchange front, with no interaction between the cooled
ions behind it and hot electrons and/or ions, and which penetrates
about 10 cm into the hot plasma core, Oliphant, et al., considers
a problem where the plasma energy at the core is transported by
thermal conduction to a sheath of fixed thickness at the plasma
edge, where it is then removed by charge exchange. In such a model,
the heat transfer rate to the wall is less than what we calculate,
being limited by conduction from the center. Moreover,
since their sheath is, on the average, at a lower temperature than
the plasma core, the wall sputtering is caused by neutrals of
somewhat lower energy.
The above model, although it yields results which are
similar to those presented here, does not describe the system
properly, during the first 6 ysec of the transient, for the
following reasons: a) the gradient scale lengths (both in temperature
and in density) are comparable to the ion Larmor radius at the edge,
and much smaller than the ion mean free path in the internal part
of the plasma; that is, the random walk process akin to heat
conduction, does not take place; b) the time scales for establishing
the transient are so short (microseconds) that the ions and electrons
do not have time to equilibrate their temperatures, and thus
can be treated as non-interacting species; and c) the velocity
dependence of the mean free path for charge exchange dictates that
the neutral gas atoms penetrate much deeper into the plasma (10 cm
instead of 2 cm) than it had been previously expected(5); their
maximum penetration depth corresponding to the charge exchange
mean free path for cold gas on cold plasma.
The present analysis yields a shorter transient (6 ysec
instead of 11 ysec), and a larger total energy deposition; consequently,
higher temperature excursions in the alumina insulator; although, still
not high enough to melt it. The sputtering caused by 10 KeV
neutrals on this account only is not negligible, and should be
included in overall wall design calculations. The surface erosion
by charge exchange neutrals is 0.04 A per pulse, This erosion rate
only, gives half insulator lifetimes of 11 years and 3 years for
(3)
the low (10 sec) and high (3 sec) duty cycle RTPR reactor designs
How the distribution of speeds and some other effects
enter is clear when one writes the probability P of a neutral
molecule surviving a distance x into the plasma without suffering
charge exchange:
P = exp- [ j acx r g) np (x') dx'] (2.1)
0
where the plasma edge is at x = 0, and vr = vi - vg is the relative
ion-atom speed. If everything inside the integral were independent
of position, Eq. (2.1) would have a solution of the usual form
P = exp - (x/Acx), where A.cx is the mean free path for charge
exchange. In fact, the plasma density increases with x, and so
does the relative ion-atom speed vr, because the plasma is hotter
inside (precisely, we should replace Eq. (2.1) by the integral
over the distribution of ion velocities v1 also, but that is not
necessary for discussing the main effects). In our model, the gas
velocity v stays constant, and vr i - v can usually be approximated
by vi. Note that acx varies with x also, because vi does.
Equation (2.1) coupled with a plasma heat transfer equation,
cannot easily be solved; fortunately, some simple approximations
are revealing. If the plasma develops a relatively cold skin via
charge exchange of neutral atoms arriving from the surrounding gas,
then (vr/v g) vIv i ) has some modest value there, say 5-10. The
gas atoms penetrate this region easily, then encounter the main
plasma at (say) 10 KeV, where (vr/v ) % 500, and are rapidly wiped
out. Thus we develop the concept of a charge exchange front
advancing into the plasma core with decreasing speed. Typically,
the front is about 5 mm thick, and reaches some 10 cm deep in
- 6 ysec.
With appropriate assumptions discussed later we find a
solution which follows the time evolution of the charge exchange
transient; from its onset at t nu 0.9 ysec to its peak at -,6 ysec.
After that time the model becomes inaccurate for mathematical
computation due to the effect of cold plasma buildup; however, it
shows the general trend that the system will follow up to the point
where the thermal conduction model, as used by Oliphant, et al.,
but with some modifications to account for a larger sheath, become
applicable.
11.2 Physical Model
The parameters used as initial conditions for the cooling
stage correspond to the plasma conditions at the end of the
"quench"; that is, after the plasma has expanded adiabatically to
the vicinity of the wall. These conditions come from LASL gas
blanket studies(3,5) and are listed in Table(II.1).
The magnetic field-plasma interface is programmed to remain
stationary at r = 0.46m as the plasma cools. Under these conditions,
cool deuterium-tritium gas is allowed to enter and fill the vacuum
region. In our calculation to follow, we assume that the wall
becomes totally transparent to the incoming gas, which is very
favorable to the gas blanket concept. In Sec. VI we consider
semiquantitatively the further degradation likely to occur with
more realistic inlet conditions.
Consider the various gas-plasma interactions that take
place during the transient. Figure 1 shows the cross-sections as
functions of the charged particle energy, for the various processes
of interest. Cross-sections for ionization by the plasma electrons
are not shown since they are low compared to those for ion-induced
ionization and charge-exchange. For simplicity, we assume that
pure deuterium gas enters in the molecular state, then quickly
dissociates to leave atomic deuterium with an energy of 2eV per
atom.
It becomes apparent from Figure 1 that at 10 KeV (plasma
energy) the reaction:
D+, + Do + D +D+ (2.2)
(where subscript f denotes the fast particle) has the largest
cross-section (acx = 1.3 x 10~ 19m2). The competing ion-induced
ionization reaction:
D+ +D + e + 2D+ (2.3)
has a cross-section about 27 times smaller; this difference
becomes more pronounced at lower energies (i.e., as the plasma
cools). Photoionization of the incoming gas by the Bremsstrahlung
spectrum has been neglected since the cross-sections for this inter-
action are low (the highest appears in the ultraviolet region,
-. 800 A , and has a value of 7.5 x 10- 22m2  (3) Thus, indeed,
charge-exchange between the neutral gas and the hot ions will be
the most favored event.
The very energetic (10 KeV) neutral particles resulting
from this process remove the energy from the plasma, ard transport
it quickly by convection to the wall. The low density gas present
in the vacuum region provides little or no moderation to these
particles. For example, a 10 KeV deuterium atom has a mean range
of 3.41 m in deuterium gas at 1022m 3. This is especially true
in a system with a realistic gas inlet design, where the gas density
at any time during the transient is forced to be much lower than
in the ideal case considered here.
The process of charge exchange leaves a layer of cold
plasma which is initially a few millimeters thick and corresponds
to the minimum mean free path for charge exchange (Xmin ) in the
lower density plasma at the edge. Most subsequent gas particles
will penetrate through this layer and interact a few millimeters
further into the hot plasma. This process is due to the velocity
dependence shown in Eq. (2.1) and discussed very qualitatively there.
The initial cold plasma sheath which results from the charge-
exchange process moves toward the center of the plasma at some
velocity (vL), which corresponds originally to that of the gas
particles themselves, and decreases gradually to zero at a depth
denoted by X max into the hot plasma. The value of Xmax is 10.6 cm
for our parameters -- equal to the charge-exchange mean-free-path
for cold gas on cold plasma. During most of the build-up, the
bulk of the interactions take place within a layer of thickness
X which we call the "charge-exchange layer" and which originally
coincided with the 5 mm cold plasma sheath. This layer moves
inward to erode the plasma in a manner reminiscnet of buring
gun-powder. The charge-exchange layer velocity also decreases
because as it proceeds inwards it encounters denser and denser
plasma. The value of X0 approaches zero at the maximum depth
Xmax, but we will treat it as a constant in the calculation; the
overall results are relatively insensitive to the assumption.
The magnetic field in this model serves two purposes:(1) it
keeps the gas-plasma interface stationary in space by decreasing
its strength as the plasma cools; and (2) it prevents charged
particles from reaching the wall in time scales of concern here
(i.e., 0-6 Psec). The plasma particles at the interface execute
Larmor orbits whose diameter defines the characteristic scale-length
for the plasma density gradient; this scale-length is about
2 cm in the RTPR plasma.
By comparing the various scale-lengths associated with
this problem (i.e., density gradient, Larmor radius, Coulomb and
charge exchange mean-free-paths) we conclude that the heat transfer
mechanism through the cold plasma and gas is better described
as convection rather than conduction; moreover, since the energy
relaxation time for hot ions on cold ones is large (msec), hot
and cold plasmas can be treated as noninteracting species. These
circumstances simplify the problem substantially. It permits us
to find an approximate solution which predicts the raw instantaneous
power deposited at the wall by charge exchange neutrals during
most of the transient; we now consider the problem in detail.
11.3 Mathematical Formulation
Figure 2 shows the physical process, which because of
the relative magnitudes, is essentially one dimensional. Both the
electron and cold plasma profiles have been omitted from Figure 2
for clarity, and also because they are irrelevant at least during
the first few microseconds of the cooling. The variable x' denotes
the position of the thin charge-exchange layer at any time; the
variable x" is internal to the layer and its purpose is to sum the
various contributions to the overall reaction rate within it. The
quantities n (x) and n (x,t) are the hot plasma and neutral gas
density profiles respectively. n p(x) drops abruptly to zero
immediately outside the charge-exchange layer. The gas profile
n (x,t) is represented by the complementary error function (1-k),
appropriate to the arrival of particles released from the wall
with a Maxwellian speed distribution, on the wall side of the layer,
up to the point x = x'; it then decays exponentially within it;
thus inside the layer
- I cx n (x) dx
n (x,t) = ng (x = x', t) e (2.4)
and at x = x'
nb(x = x',t) = 1- $(V)) (2.5)
where V = vL/a is the ratio of the charge exchange layer velocity
vL to the thermal speed a = /2k T /m of the gas atoms. In this
approximation, acx and v >> vg refer to the hot plasma and have
been brought out from inside the integral of Eq.(2.1).
In Eq.2.5, n0 represents the initial density of the gas
reservoir immediately behind the first wall,a is the thermal speed of the
gas particles, and vL the layer velocity, determining the minimum
velocity required for a gas particle to reach the layer and enter
it in time.
The instantaneous power per unit area (Pw ) deposited at the
wall (assuming no moderation of the fast neutrals) is given by:
v.
-
ac W np (x) dxg
a vgu n
PW (x',vL n [1 - (V)] f n (x) e dx" (2.6)
where un is the energy per charge-exchange neutral, and the notation
dx" reminds us that the integral relates to the shaded area in Figure 2.
In order to perform the integrals in Eq. 2.6, we must know
the hot plasma density profile n p(x). An arbitrary function having
(5)
the essential properties has been presented by Oliphant et al. ; such
a function resembles a very steep Gaussian, and can be considered
as decreasing linearly from its maximum value (10 20m-3) to zero in
a distance of about 2 cm; that approximation has been adopted here.
A simple argument can be drawn from the physics to justify this
assumption. At the edge of the plasma, the density is so low that
we can neglect any contribution to the power load which is derived
there.
With this in mind, we match the profile given by Oliphant
et al by a straight line approximation of the form:
n (x) = mx + n* , (2.7)p
where the constants m and n p are chosen such that Eq. (2.7)
yields the correct values for n (x) in the linear region; accordingly,
m = 5 x 1021 m~4 , (2.8)
n= -9 x 1019 m3  (2.9)
Inserting Eq. (2.7) into Eq. (2.6) and integrating, we find
v. i .21i
-
ocx mx'+n;0 + m2o
9
PW(vL' u n v[1 - $(V) 1-e (2.10)
Eq. (2.10) is an intermediate result; it must be expressed
as a function of time only; this can be accomplished by expressing the
quantitities vL and x' as functions of time. However, before pro-
ceeding in this direction, we shall evaluate certain quantities of
physical interest.
The value of x' at which charge-exchange reactions begin
is given by np = 0, or
*
n
x= - , (2.11)o m
giving approximately a 2 cm vacuum space plus a 2 cm
gradient region. The initial layer average density is
*
m(x' + X;) + n(
nLo ~= 2 __P (2.12)
the time to at which the charge-exchange layer first forms
can be estimated by requiring that the gas density be equal to
the layer initial average density (nL ); thus,
n = 2 - ( ) . (2.13)
the minimum Xcxmin , and maximum Xcxmax depths to which gas particles
penetrate, are respectively, the charge exchange mean free path
for cold gas on hot plasma, and for cold gas on cold plasma, as given by
the condition:
f cxn (x) dx= - =x -i - (2.14)
Sp v p acx Tp acx
where:
Acx = cxmin, when j %l/100 (2.15)
and
wcx _ cxmax 1. (2.16)
Using the "exact" profile, n (x), as given in Ref. 5, we solved
eq. (2.14) numerically. The result is plotted in Fig. 3 where
Xcxmin and Xcxmax are indicated. The constant X is given by
Acxmin - x' = 0.006 m. Equations 2.11 - 2.13 yield the following
values:
x' = 1.8 x 10-2m (2.17)
n = 1.25 x 10~ 19m-3  (2.18)
to = 9.18 x 10~7 sec. (2.19)
Two points in connection with the mean free path must be
discussed. First, the quantity of physical interest is the inte-
grated plasma density, the left hand side of eq. (2.14) and not the
plasma density itself; therefore, variations in cold plasma density
due to magnetic field motion are immaterial. This is to be coupled
to the fact that the plan is to allow B to relax so as to maintain
pressure balance as the plasma pressure is reduced by cooling. And
second, the charge exchange cross section acx is a function of
velocity. Inspection of the expeirmental data shows that the
cooling increases the value of acx by a factor of 2; comparing this
to a change in (v /v p) by a factor of 100 we have chosen to allow
acx to remain constant. The two mean free paths obtained from
eqs. 2.14, 2.15, and 2.16 and shown in Fig. 3 reflect this approximation.
In our model, the presence of cold plasma behind the moving front
is neglected up to a point ( x' = 10 cm) beyond which it cannot be
so; the effect of cold plasma build up will be to add a time de-
pendent factor of the form,
x'(t)
Ucx yf n (x)dx,
where n PC(x) is the cold plasma density profile and x'(t) is the
position of the charge exchange front at time t, to the exponent
in eq. 2.6. Our approximation is that the above factor is negligible.
This is the worst situation which we have chosen to examine. When
the charge exchange front is at x = 10 cm (end of transient) the
exponent in eq. 2.6 is ,10% higher on this count giving a power load
at the wall which is appropriately lower.
The value of to in eq. 2.19 was calculated from error
function data, with no = 1022m-, in agreement with the requirement
on refueling density.
II.4 Charge-Exchange Layer Velocity
To complete the solution of the problem, it is necessary
to know values for the time dependent position (x') and velocity
(vL) of the charge-exchange layer; to do this we consider the
net influx ($ p) of hot plasma particles into the layer as it sweeps
them up by its own motion; this quantity is given by:
$= np (x'+X 0) vL (2.20)
Considering the balance of flows into and out of the layer, we must
equate the net influx of hot plasma to the net efflux of hot neutrals;
this, however, must be no faster than the influx of cold gas
atoms; this latter one is found from the definition of gas particle
current in the x direction:
xg f d3v f(v)v , (2.21)
xg - x
where f(v) is the velocity distribution of gas particles.
Using a half Maxwellian distribution, eq. (2.21) becomes:
r - noa e-V2 (2.22)
xg 2/i~
where only particles with velocities greater than or equal to
vL have been considered. Equating eqs. 2.20 and 2.22 and solving
for V one obtains
n -V2
V = n e . (2.23)
2W n (x'+ )
Equation 2.23 is transcendental; furthermore, the exponential
term in V can not be expanded in a Taylor series, (V2 >> 1), we
solved this equation numerically in the following way:
Equation 2.23 can be written as,
n e-V2
n p(xI + X 0) = S.p + 2A) V (2.24)
but from eq. (2.7), we get:
2m AT xI +2Af
o x + mX + n* = (2.25)
we let,
C = 2 - m (2.26)
and C2 = M mX + n] (2.27)
then,
r-V
xn= - eV 2 - C2 1  (2.28)
1
where C1 = 1.77 (2.29)
and C2 = -2.13 x 102 (2.30)
With eq.(2.28) we generate a plot of 1/V(x') as a function of
x'; this plot is shown in Fig. 4. Noting that
=1 dx'dt = V ,) (2.31)
we integrate numerically to find t as a function of x'. The
results of this integration are shown in Fig. 5. Inspection of this
figure shows that the layer velocity vL drops slightly as the front
eats up the plasma boundary; however, one can see that vL is almost
constant, and a linear progression model would closely approximate
the more exact solution shown in Figure 6.
Figures 4 and 5 give us the necessary informaiton to solve
eq.(2.10). Inspection of the figures shows that the charge exchange
layer reaches the top of the plasma profile, at x' = 0.0375 m,
in 2.08 ysec. From there on, our model predicts that the layer
will move at constant velocity V = 1.62. This is a reasonable result
because the profile n p(x') is essentially flat from x' = 0.04 m on;
however, the constancy of V for x' > 0.04 m is also contingent on
our assumption that the cold plasma formed behind the moving front
does not appreciably impede the passage of cold gas into the hot
plasma core. At values of x' 1Z 0.1 m we reach the value of
Xcxmax , and the assumption of negligible cold plasma shielding
breaks down; the charge exchange front will eventually stop at nearly
this depth, as the hot plasma core is no longer accessible for
charge exchange; the power load at the wall will begin to drop at
this point, as the gas interacts with a much colder plasma sheath.
The hot core will then transmit heat to this sheath by collisions,
giving rise to a temperature profile over a scale length of
10 cm or greater. This is the onset of thermal conduction as
described by Oliphant et al.
Eq.(2.10) is shown plotted in Figure 6, where we have assumed
an energy of 10 KeV per charge exchange neutral. The zero values
for T % 0.9 Psec reflect the linear approximation used for the plasma
profile. The solid curve in Figure 7 shows the integral of the
power, or the total energy deposited after time t. The dashed
curve is a plot of the results of Oliphant, et al. The present
result gives a faster rise time because of thermal convection,
and a higher total energy because more hot plasma is available
for charge exchange.
11.5 Wall Temperature Excursion
By integrating the power PW, shown in Figure 6, one obtains
the total energy Q deposited after a given time t. This energy,
in the most optimistic case, appears as raw heat and must be removed
by natural conduction through the wall. By solving the heat
diffusion equation approximated one can obtain a characteristic
thickness D through which the heat has diffused in a given time T;
the temperature excursion AT in a thickness D of the alumina
insulator can then be otained.
Accordingly, the heat diffusion equation
K = Pcp a (2.32)
yields the relationship
D = (2.33)
F p
where K, p, and c are the thermal conductivity, density and specific
heat respectively. The heat content per unit area of the shell
is given by:
Q = PCp D (Tf - T.) = pcp D AT (2.34)
where Tf and Ti refer to the final and initial temperatures of the
sample.
The temperature excursion T at the wall surface is then,
AT = 1.5 x 10~4 -- K (2.35)
where we have used the following physical properties for the
Al203 insulator operating at T = 1273 K,
K 7.3 W
m K
c = 1.52 x 10 k
k 0 K
3k
p = 3.8 x 103
m
as given in Ref. 3.
Fig. 8 is a plot of the temperature excursion AT as given
In 6ysec, the alumina insulator suffers a temperatureby Eq. (2.35).
rise of , 5000K, which is insufficient to cause melting (the
melting point of Al203 is 2318 0 K). During the duration of the
transient, the heat defuses through a thickness of 2.75 x 10-6 m
which represents only 1% of the total thickness of the insulator.
11.6 Concluding Remarks
This has been a "worst case" calculation, in that no moderation
of the fast neutrals has been assumed and also, the buildup of
cold plasma has been assumed not to degrade the gas profile which
enters the charge exchange front. Introducing the mechanical
realities tends to affect the system pessimistically; first, in the
short time scales of interest, and since the gas must enter through
holes in the wall, the gas density will not be uniform, but will be
highest near the holes where it need not be, and lowest in regions
between holes where good shielding is necessary; second, the gas
profile is further degraded by placing critical valves deep enough
inside the neutron blanket, to give them some protection from radiation
damage; this leads to consideration of gas flow through long pipes,
with length/diameter (1/d) ratios of (say) 50. The flow will at
first be molecular, and after that Poiseuille. We shall not
calculate how this affects the flow, leading to a slower buildup
of gas in front of the plasma, hence even less formation of a
protective blanket; the result,however will closely approach the
"no moderation" example already described in detail.
Finally, we have estimated the degree of insulator erosion
via charge exchange neutral sputtering. Sputtering coefficient
data for Al203 are not readily available and we have used a value
of 0.02 typical of pure aluminium metal (8); we find that a typical
fluence of 5 x 1018 hot neutrals/m 2 sputters off 0.04 R of insulator
material in each pulse; if the reactor operates at 1 cycle every
ten seconds, the "half life" of the insulator is 11.21 years;
in terms of charged particle sputtering and other forms of wall
damage already present, the charge exchange reaction during the
cooling transient must be considered as an equally important
failure mode.
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Figure Captions
1) Charge exchange and ion-induced ionization cross sections for
deuterium, as functions of the charged particle energy.
2) Schematic representation of he charge exchange process. The
shaded area depicts the advancing charge exchange front.
3) Integrated plasma density as a function of position;X cxmin= charge
exchange mean free path for cold gas on hot plasma. xcxmax= charge
exchange mean free path for cold gas on cold plasma, as described
in text.
4) Reciprocal of normalized velocity V(x') as a function of x', for
numerical integration.
5) Time t at which charge exchange front reaches position x',
the region where V is a constant corresponds to the flat portion
of the plasma density profile.
6) Transient wall power load vs. cooling time, due to charge
exchange neutrals.
7) Total charge exchange energy deposited after any time t (solid
curve); results obtained by Oliphant, et al. plotted for comparison
(dashed curve).
8) Temperature excursion at the wall surface vs. cooling time.
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Table II.1. Relevant Parameters of the Reference Theta-Pinch Reactor
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Chapter III
Feasibility of Very High Magnetic Fields
for the Laser Heated Solenoid
III.1 Introduction
The wall bombardment problem by charge exchange neutrals,
which we addressed in detail in Chapter II, tends to become much more
severe when one considers the overall wall bombardment; by 14 MeV
neutrons, electromagnetic radiation, and charged particles drifting
across the field and eventually running into the material wall.
The 14 MeV neutron flux emanating from the hot plasma gives rise
to a figure of merit in first wall design, called the "wall loading",
generally referring to the maximum average neutron power per unit of
wall area which the material can tolerate over a reasonable time
(i.e. 5-10 years). The wall loading is generally taken from
1.5 to - 3 MW/m2. In the design of a reactor, the reactor output
and the wall loading fix the first wall radius; moreover, in reactors
like the Laser Heated Solenoid (LHS) where the field coils are immediately
adjacent to the first wall one can readily evaluate the magnet build
by requiring that the coil bore thickness be the maximum one can
use without adversely degrading the neutron spectrum. In this chapter
we apply engineering and materials constraints such as these to a
critical subsystem of the LHS; namely, its magnet. We outline criteria
for correlating the results of the magnet analysis to the feasibility
of the overall reactor.
The LHS approach to controlled fusion consists of heating
long (1-2 Km) magnetically confined plasma columns by intense long-
wavelength (a 10pm) laser radiation (1. The heating proceeds via
classical inverse Bremsstrahlung absorption by the plasma electrons
which in turn transfer energy to the ions in time scales short compared
to the ion confinement time. As the plasma undergoes fusion it also
becomes possible, in principle, to establish a propagating thermo-
nuclear burn (2) by balancing the radial ion thermal conduction losses
with the alpha-particle heat addition, thus increasing the yield of
a reactor several fold. Theoretical estimates (2) suggest that such
a balance condition could be attained by heating a cross sectional
plasma area of the order of (irr2), where ra is the alphaparticle Larmor
radius. Also, recent experimental evidence(3) of laser beam self-
focusing in mangetically confined plasmas has increased interest in
assessing the practical extension of the (LHS) concept to full scale
reactor.
A device of this sort must be long (1 or 2 Km) in order for
it to: (1) confine the particles for a sufficient length of time T
to achieve ignition and (2) couple the laser energy efficiently to
the plasma. The first condition is expressed in terms of the particle
thermal speed and the desired confinement time:
L > 2 vth (3.1)
where E > 1 is the end-loss reduction factor. A second condition
states that the reactor length must be at least equal to one absorption
length for the incident radiation. In terms of the palsma temperature
and the magnetic field this condition becomes:
K T7/2
L 2 2 B4 (3.2)
where K is a constant equal to 1.1 x 10~4 for MKS units throughout,
X is the laser wavelength and 6 ~ 1 is the ratio of the plasma pressure
to the magnetic pressure.
Equation 3.2' implies high magnetic fields for the temperatures
of interest in controlled fusion. For example, a reactor 1 to 2 Km
long, and of plasma temperature ~ 10 KeV, requires a magnetic field of
400 to 500 kG. Matching of reactor to absorption length at lower
fields requires longer reactors, (i.e., L ~ 4Km for B = 300 kG, or
10 Km for 200 kG.).
Conventional coils for this application would require high power,
leaving little available to operate the laser or to sell. Ellis(4,5)
has considered this case in detail. The problem might be ameliorated by
using a "hybrid" (2,6) (i.e., a magnet in which part of the field is
produced by superconducting windings); in such a system, the resistive
2
losses drop by a factor of at least [B(normal)/B(total)]2. Figure 1
illustrates this effect.
Hybrid magnets producing fields as high as %500 kG (i.e.,
200 kG superconducting and 300 kG normal) have been proposed.(2315)
It appears, however, that such a combination will still introduce
high dissipation as well as very large cyclic stresses. Thus, lower
normal fields (4j 200 kG) are required. Practical limits on superconducting
fields for this application were not evaluated, however, a review of
the current literature suggests that fields in excess of 200 kG
are probably unfeasible with known materials and technology. A value
of 200 kG for the superconducting coil is here taken as a maximum.
In what follows, we focus attention on the various engineering
constraints imposed on the normally conducting portion of such magnets,
and how these constraints affect the overall reactor performance; more
specifically, stress, energy dissipation, and neutronics requirements
which must be satisfied in a mechanically souhd device.
111.2 Stresses in Normal Coil
Figure 2 is a plot of magnetic pressure as a function of field
strength. For magnetic fields of interest, in the range 200 kG to
500 kG, pressures are 104 to 105 psi. If thin-walled coils are to
withstand this pressure, then the tangential stress in the windings
is approximately given by:
a p (3.3)
where p is the magnetic pressure, r is the average radius and t is
the coil thickness. The pressure p arises from the J x B forces on the
windings themselves and appears there. For coils whose radius to
thickness ratio is smaller than 10, this approximation breaks down.
For coils whose (r/t) is about 10, the above pressures imply very
large stresses (105 to 106 psi). Stresses like these are above the
yield point of most magnet materials at room temperature. Furthermore,
a safety factor of 3 will be required if the system is pulsed. These
considerations (and others discussed in Sec. III) indicate that the
coil must be thick (i.e., r/t < 10).
The investigation of thicker coils requires a different type
of analysis. Figure 3 shows a volume element of the coil in static
equilibrium; dF is the elemental J x B force acting on the volume and
T(r) is the internal force keeping the system in equilibrium. For
constant current density in the windings, the tangential stress a is:
a(r) = P [ (ra - r) + Ba r (3.4)
where (AB) is the contriubtion to the total field that the normal
coil makes, B a is the total field produced by the hybrid, ra is the
inner radius of the magnet and t its thickness. Defining new variables:
x = r - ra (3.5)
6 = t/ra (3.6)
E = x/t (3.7)
we can recast Eq.(3. 4 ) in the form:
S= ABBa + - (B)2 [ + E2 (3.8)
In equations 3.4 and 3.8 we have assumed a uniform current
density in the windings. The case of a Bitter solenoid (i.e., j nu 1/r)
was also considered; the resulting expression is:
a _ - a AB (AB2ln(1+C6) (3.9)
P0 L ln(1+6) [ln(1+6)] 2
The complete analysis leading to Eqs. 3.8 and 3.9 is presented in
Appendix I. Figure 4 shows the maxima of Eqs. 3.8 and 3.9 for various
values of AB, the pulsed coil incremental field, with a 200 kG super-
conducting bias field produced externally, as functions of the aspect
ratio 6. For 6 small, the two current distributions become identical,
and so do the stresses. The Bitter solenoid has structural advantage
for thick coils (large 6).
The effect of the bias field on the maxima of Eqs. 3.8 and 3.9
is a linear dependence of the maximum stress on the total field Ba;
thus, by decreasing the bias field by a factor of 2, and keeping all
other parameters fixed, the maximum stress in the Bitter solenoid
is 0.8 as high for AB = 300 kG; 0.6 for AB = 200 kG and 0.4 for
AB = 100 kG.
Figure 4 provides useful design limits for the mechanical
integrity of the normal coil. The vertical dashed lines show the
yield point for room temperature Be-Cu (an obviously unsuitable choice,
because of the Be9 (n,2n) 2a reaction, but it is chosen here merely
to represent the upper limits to the strength of electric conductors),
at various safety factors. For a structure subject to cyclic loads,
a safety factor of 3 will be chosen; the magnet must operate to the
left of the line a = 105 psi. The design point will also change,
almost surely to lower values with the adoption of more realistic magnet
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temperatures; for example, since the normal coil, for strenght reasons,
must be located between the first wall and the neutron blanket, each
of which normally operates at 10000K, one expects the windings in the
normal coil to operate under nearly the same conditions. Were this
not so, the coil would have to be thermally insulated, which requires
space, and consequently reduces the volume of conductor material;
or else be rapidly cooled which would also reduce the conductor volume.
Operating a cold magnet, on the other hand, implies that the heat
dissipated by the windings, as well as any heat from the 14 MeV neutron
flux will be virtually non-recoverable as useful energy. In our analysis,
we choose the magnet material to be 0.5% Be-Cu, with an electrical
resistivity of 3 x 10-8 Q-m at 200C. The steady state, instantaneous
power dissipated by the normal coil is then calculated; we turn to
this problem next.
111.3 Magnet Power Dissipation
Neglecting eddy currents and transient effects one can calculate
the power dissipated in the windings by resistive heating. These are
reasonable assumptions since the magnet can be laminated with layers
of conductor of thickness of the order of one skin depth as proposed
in recent reports. (4,5,6) The power dissipated per unit length is
derived in Appendix II for two normal coil current density distributions:
a uniform current density, as proposed by M.S.N.W. in their reactor
design(6), and a Bitter Solenoid design where the current varies in-
versely with radius. The results are shown below:
(a) Uniform current density case
P 
-rp (AB) 2  (1+2/6) W/m (3.10)
0 P
(b) Bitter solenoid
2P 27rp (AB) 1 W/m (3.11)
L y 2 ln(1+6)
where p is the resistivity of the magnet material, and p is the
packing fraction.
A plot of Eqs. 3.10 and 3.11' is shown in Figure 5. The dashed
lines refer to the Bitter design. Again, the power dissipated is the
same for both designs at low values of 6.
111.4 Neutronics Considerations
Two neutronics constraints must be taken into account in con-
junction with the stress considerations described above: (1) the problem
of first wall replacement limits the average neutron wall loading to 1.5-2
MW/m2 (8) (2) the thickness of the vacuum wall and normal magnet must
be less than about 10 cm in order to maintain a favorable neutron
economy in the reactor 9).
The wall loading constraint in a single plasma tube undergoing
D-T fusion reactions is given by
P 2r t rI
L max 6(B) (3.12)
where< P/L> max denotes the maximum average power (expressed in electrical
Watts) which can be allowed to pass through the first wall, Pw is
the wall thermal loading, t is the magnet thickness, nth the thermal
conversion efficiency, and 6(B) is the aspect ratio defined earlier.
Using t = 0.1 m, P = 2 MW/m 2, and ath = 0.4, one obtains
P =0.50 MW
<>ma eB (3.13)
The quantity 6(B), the aspect ratio, must satisfy the stress requirements
outlined in Section 111.2. By choosing a safety factor, (i.e. S.F. = 3)
one goes to Figure 4 and reads off vertically the values of 6 corresponding
to given values of the magnetic field. Figure 6 has been constructed
in this manner; the figure is used in connection with Eq. 3.13 to draw
the solid lines in Figure 7; these solid lines can then be though of
as dividing the space into two regions, at a given safety factor,
one allowed (below) and the other not allowed (above); there, we show
this for two safety factors. Clearly, each reactor tube must operate in
the region below the appropriate solid line. Using this line as a
criterion for feasibility, one can determine where typical reactor
designs would lie based on the thermonuclear power which they produce;
we now turn to this question.
III.5 Average Electrical Power Produced
What is meant here is the net electrical power per tube which
is produced from the 14 MeV neutrons; we ignore here exothermic
reactions in the blanket which boost the power produced by a factor
M ~ 1.5, because we wish to compare the power produced to the power
allowed through the first wall; accordingly
<L-prod. 4< DT EDT Afp nth (3.14)
where <av>DT is the average D-T fusion reactivity, EDT is the energy of
the thermonuclear neutrons, (14.06 MeV), A is the plasma column cross
sectional area, th is the thermal conversion efficiency, and f is
the plasma duty factor defined as
T
f b = burn duration (3.15)
P Tp cycle duration
Since the plasma operates with 6 = plasma pressure/magnetic
pressure = 1; and since the plasma radius must be at least as large
as the Larmor radius of a fusion a-particle, Equation 3.14 can be
rewritten in terms of the magnetic field, and the duty factor, as
follows:
= 0.349 f B2 MWLprod p e (3.16)
m
where we have used
A =rr 2 _ 27 m E _ 0.228 m2 (3.17)(qaB)2 B (
EDT = 14.06 MeV, (3.18)
and
"th = 0.4 (3.19)
and where E, M., and qa are the alpha particle energy, mass, and charge
respectively. Eq. 3.16 denotes the minimum power produced immediately
before ignition. Plots of Eq. 3.16 are shown by the dashed lines
in Figure 7 for three duty factors: f = 102, 10 and 10 A
typical reactor tube is expected to have burn times of the order of
10 msec at most and cycle durations 6f the order of 1 sec. at least; that
is, the laser repetition rate would be 1 pps. Thus, a typical duty factor
for a single tube reactor would be optimistically 10-2; inspection of
Figure 7 shows that under these conditions, total fields much above 200 kG
are unfeasible for a reactor which is to achieve ignition. To alleviate
this problem, it has been proposed(6) that one construct a multiple
tube reactor as shown in Figure 8 so that each tube would fire in sequence,
and the laser repetitively, much like a Gatling gun. Such an arrangement
would reduce the duty factor by a factor equal to the number of tubes;
thus, a 10 tube device would yield f = 10-; that situation is also
depicted in Figure 7; note that in this case, an ignited plasma tube
cannot operate above B = 350 kG, but has a region (shown shaded) which
we call its option space, where it could, in principle, operate. By
relaxing the safety factor from 3 to 2 one can approach the 400 kG
limit. Relaxing the safety factor is not advisable, specially if one
wishes, by doing so, to increase the field strength, and therefore the
stresses. If the reactor ignites and produces more power, one must be
careful not to exceed the wall limit; so that the tube must be designed
to operate substantially to the left of the intersection of the lines.
In short, and from inspection of Figure 7 the single tube reactor is
unfeasible on accounts of allowable stresses and maximum wall loading.
The multiple tube system has an option space, but not at the very high
fields, (B= 500 kG) for which it has been proposed; even this option
space may be illusory, for reasons which we touch upon in the next
section.
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111.6 Plasma Stage Heating, and Laser Requirements
The concept of multiple tube reactors, although it imposes
severe demands on the control systems and complicates the originally
simple design, provides the system with an "option space" at low fields
(B ' 300 kG). This option space may not exist in reality, since we
have neglected end losses, coil operating temperature, in addition to
assuming that the coil duty factor fm is equal to the plasma duty factor
f . In general, introducing the physical realities makes the system much
more restrictive. In an effort to remain simple, and pinpoint only
the very basic design limitations we retain this option space and consider
the requirements that it imposes on the laser system.
In recent L.H.S. design studies(6) the concept of reactor
staging has been introduced; its purpose, is to reduce the requirements
on laser power over the earlier designs, by utilizing the rising
magnetic field to compress the plasma as well as to reduce the absorption
length to reasonable values. If this can be accomplished, the compression
will be tuned to yield a value of k equal to the length, L, of the
reactor. In previous work (2) the absorption length was found to be
= 
32 T3/ 2 m (3.20)
n
where T is the plasma temperature in electron volts, and n is the density
in cm -3. Eq. 3.20 has been plotted in Figure 9 with values of t ranging
from 10 m to 10,OOC m. We are not interested in lengths above 1000 m for
reactor type devices; note also that for reactors of length less than
-, 1000 the confinement time becomes small. Since Figure 9 is a T-n
diagram, one can also plot lines of constant magnetic pressure, or
lines of constant field, this has also been done for fields ranging
from 200 kG to 500 kG. Note that fields >300 kG are not allowable
according to our discussion in the previous section. Using these
limitations, we draw the two sides of a triangle (at k = 1000m and
B = 300 kG) enclosing an allowable region of parameter space. The
dashed lines represent the process of adiabatic compression and are
given by the equation:
T. n. 2/3 (3.21)
= (1)Tf nf
where T. = initial plasma temperature, ng = initial plasma density,
Tf = final plasma temperature, nf = final plasma density. We assume
that one can begin with a fully ionized plasma at T = 1 eV.
Consider, for example, a reactor producing a maximum total
field of 300 kG; thereby, fulfilling the stress and neutronics requirements;
also, assume that the plasma can be prepared to begin the heating cycle
at point 1 in Figure 9 (i.e., n = 1022, T = 100 eV); since the object
is to bring the plasma to ignition, that is, to point 3, one can
accomplish this by both adiabatic compression and laser heating sequentially
or simultaneously; that is, one would move along the path k = 1000 m
directly, or choose to first compress along the adiabat at n = 1019m-3
to point 2 and then laser heat, moving vertically upwards to point 3.
The problem arises when one computes the required laser energy (corresponding
to the vertical trajectory in Figure 9)
EL = 3 nk (T3 - T2) At ; (3.22)
neglecting end losses , this energy is 246 4J for our 300 kG, 1000 m
long reactor tube; for a 10 tube system the figure becomes 2.46 GJ;
the average power for the 10 sec. sequence is 0.246 GW and the electrical
power required assuming 50% absorption, and a laser efficiency of
25% is 2 MW/m, or about half the total power per meter produced by
the plant. Moreover, since the magnet dissipates about 11% of the total
power produced (for the 300 kG case) we see that the plant begins
to acquire a very large circulating power even operating at low power
levels.
Another foreseeable difficulty has to do with the plasma pre-
paration to state 1. Typical plasma discharges operate at densities
of 1019m-3 . Compressing the plasma in our 300 kG coil from an initial
radius of 16 cm to a final radius of 1 cm brings us to a density of
2.5 x 1021 and a temperature of ,40 eV; thus, additional heating will
be required to prepare the plasma at point 1. With more realistic
assumptions about materials properties, especially in designing a
system which is small enough to be surrounded by a 200 kG superconducting
coil, we may soon find that there is not enough room in the magnet
bore to produce any substantial initial compression; this is a direct
consequence of our engineering requirements for integrity of the normal
coil. All these reasons, plus those mentioned in the last section,
prompt us to consider the "option space" shown in Figure 7 as a very
marginal one.
111.7 Concluding Remarks
First Wall Neutron Bombardment
An average, uncollided, 14 MeV neutron power of 2 MW/m2 at the
first wall has been assumed; this was done in order to fix the wall
radius. The principal property change induced by neutron bombardment
is the loss of ductility from 20% to 1% elongation for stainless
steel as shown by Bloom and Stiegler.(10) The total neutron power
used here does not include back-scattered neutrons at somewhat lower
energies which may cross the first wall an additional number of times
and thus increase the effective value. In general, the 14 MeV flux accounts
for only 16% of the total neutron flux at the first wall(").
Limitations of Stress Analysis
The problems associated with magnetic field penetration into
the conductor require that the coil be constructed in layers about
one skin depth in thickness. In deriving the stress equation, we
have assumed that each layer was able to support itself in tension and
that the neighboring layers did not interact. These assumptions are
reasonable in regions of increasing stress, as neighboring layers will
tend to become separated. For regions of decreasing stress, the layers
will push against each other and the extent to which they do will
depend on the modulus of elasticity of the insulator existing between
them. The exact calculation, however, is not expected to change
significantly the results presented here.
Energy Utilization
Figure 5 shows the instantaneous power dissipated by the normal
coil, the average value is obtained by multiplying by fm; for our
300 kG design 10 tube reactor we find that the total power dissipated
is 11% of the power produced; this is the lowest possible value
that one can envision; if the resistivity of the coil were a factor
of 2 higher then this it would reflect in a magnet circulating power
of 20%. Moreover, in order to withstand the large cyclic stresses,
and reduce the joule heating losses, the normal coil must operate
as close to room temperature as possible; thus, the energy dissipated
by the windings will appear as low grade heat and as such it is non-
recoverable. The unhappy choice is therefore this: do we dissipate
more and recover some, or do we dissipate less and recover nothing?
The latter is perhaps the lesser of two evils. The energy stored
in the magnetic field has been assumed to be fully recoverable
(i.e., the curves in Figures 1 and 5 represent only the resisitive
losses occurring during the quasi-steady burning phase). In practive,
however, only a fraction of the magnetic energy can be recovered;
this fraction is lowest in coils of large build (large 6) where most of
the field lines exist within the conductor itself as opposed to the
vacuum region (a detailed treatment of the problem is given in Reference 12).
The effect of a direct conversion efficiency <100% will be to increase
the effective magnet power dissipation for a given circulating power
fraction.
Other energy losses not included in the study are: plasma losses
out of the ends of the machine, radiation, refrigeration of the super-
conductor and losses associated with any of the pumping systems.
Multi-Tube Versus Single-Tube Devices
Multi-tube reactors can operate at higher fields than single-
tube reactors; this is because the duty factor (fD) per tube in
the former case is reduced by the number of tubes present; this
results in shorter reactors. The multi-tube system is, however,
more difficult to build, it imposes severe technological demands on
the laser design, such as focusing and firing the beam at high speeds
and in different places. The multi-tube reactor also gives rise to
problems in the stability of the plasma columns; this is because the
columns are not located on the axis of symmetry of the solenoid and
therefore, any spatial non-uniformities in the superconducting field
(as caused by ports and other apertures in the reactor wall) will tend
to "kink" the plasma, causing it to touch the wall.
This last point brings us to other substantial drawbacks
applicable to both designs: pumping long, slender cylinders. The
pumping and refueling time will be long compared to the burning time;
this fact, together with maximum wall thermal loading considerations,
indicate that the duty factor and hence the power level must be low.
The pumping ports must be located at frequent intervals along the
reactor length, hence field perturbations and yet higher field regions
will appear; these are regions of higher stress where the structure
will be most likely to fail.
Under optimistic conditions, the single-tube device is un-
feasible; the multi-tube system appears marginal with very idealized
assumptions, and less attractive as necessary practical considerations
are introduced. In both cases, the laser system is extremely demanding.
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FIGURE CAPTIONS
1. Hybrid magnet dissipation relative to pure pulsed magnet dissipation
as a function of total confining field B and different values of
the field Bsc produced by the superconducting magnet.
2. Magnetic pressure as a function of the total magnetic field.
3. Cylindrical geometry showing a volume element of the coil windings
in static equilibrium. The magnetic force dF is balanced by the
restoring tensile forces T(r).
4. Ratio of coil thickness to inside radius for long solenoids as a
function of the maximum hoop stress in the coil, for various
values of the normal magnetic field Bn. A 200 kG superconducting
bias field has been used.
5. Ratio of coil thickness to inside radius for long solenoids as
a functio of power dissipation per unit length, for various valueg
of the normal magnetic field Bn. Magnet resistivity p= 3.0 x 10 P-m.
6. A cross-plot of Figure 4; it shows the minimum coil aspect ratio - min
as a function of the total magnetic field, for various safety
factors.
7. Electrical power allowed through first wall, and produced by 14 MeV
neutrons, as functions of the total magnetic field. The shaded area
repressnts the "option space" for a 10 tube device at a duty factor
of 10- , per tube, and a safety factor of SF = 3.
8. Schematic of a multiple tube L.H.S. reactor system.
9. Temperature vs. density (T-n) plot, for the L.H.S. plasma. The
solid lines represent (a) n vs. T at constant k, and (b) n vs. T
at constant B (i.e., isobars). The dashed lines show paths for
adiabatic compression. The arrows indicate possible trajectories
for plasma heating, as explained in the text.
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Chapter IV
Plasma and Impurity Flow in a Toroidal Divertor
IV.1 Introduction
In almost all fusion reactor concepts so far conceived,
all or most of the thermonuclear energy must somehow pass through the
first wall; the material of which such surface is constructed must
be able to withstand pulsed heat loads, intense gamma and neutron
radiation in addition to charged particles and energetic neutrals
which find their way to the wall following charge exchange. We
addressed that problem in Chapter II. The overall power load on the
wall was used in Chapter III as a limiting parameter in the design of
magnets for the Laser Heated Solenoid.
Practical ways of reducing the problem of first wall damage
are imperative. In steady state reactors, this is specially true, not
just in terms of wall lifetime, but in terms of achieving and
maintaining an ignited plasma essentially free of impurities. One
of the proposed ways of dealing with the problem of charged particle
bombardment is the magnetic divertor. The overall practicality of
these systems remains to be demonstrated in reactor scale devices;
however, our results, together with some experimental observations
indicate that such systems may be viable in an engineering sense.
A magnetic divertor is an arrangement of magnetic field coils,
whose combined action produces regions where the field lines that would
normally run in the vacuum region adjacent to the plasma, lead off into
a burial chamberin their excursion, the lines carry away plasma that
has found its way into the annular or "scrape-off" region, because it
streams along the field much faster than across it. Thus the main
vacuum wall is protected from charged particles, and the energy is
deposited in the divertor burial chamber. Divertors can be classified
as toroidal, poloidal, (depending on which component of the field is
diverted), and also bundle divertors which deflect both. Detailed
descriptions of each one of these can be found in the existing litera-
ture (1,2). Divertors of the poloidal type have been incorporated in many
tokamak reactor designs and a major experiment called P.D.X. is being
developed at Princeton to study the dynamics of the scrape-off
plasma. We discuss here a toroidal divertor which could be used in
connection with the Elmo Bumpy Torus Reactor (EBTR). However, before
embarking on the subject, it would serve well to describe briefly
the basic features of the EBTR.
The EBTR is a steady state, high aspect ratio, toroidal reactor.
The high S plasma is established by means of relativistic electron
annuli which generate regions of minimum B; the annuli are generated
in a natural way by microwave heating at the electron cyclotron
frequency (,,. 120 GH z), and are localized in space through periodic
spatial modulation of the magnetic field; thus, the cyclotron frequency
is resonant with the microwave power in periodically spaced annuli
distributed around the torus.
A reactor system for producing 4000 MWth with 48 such annuli
was recently evaluated(5). The system has four toroidal divertors
which handle a total power of 800 MWth; enough flexibility was built
into the design to allow the reactor to operate with one diverotr
shut-down. A plan view of the reactor is shown in Fig. 1. We wish
to evaluate the performance of a toroidal divertor of the sort shown
in Fig. 2. which could be applicable to this design.
A divertor of this type, as its name implies, is one which
diverts the toroidal field. A simplified version of such a system
is shown in Fig. 2. The concept of a divertor was first described
by Spitzer(3), its purpose was, and still is, to reduce the ion flux
incident on the wall. The ions would be cooled, neutralized and removed
in the large burial chamber. If the divertor works well, the density
profile in the scrape-off layer should be very steep, decaying rapidly
to very low values at distances of one ion Larmor diameter from the
wall. This low density, resulting in little charged particle flux
at the wall, automatically reduces the flux of impurities back into
the reacting plasma.
In order to deflect field lines our of the main stream, and
in analogy to fluid mechanics, it is necessary to drive a zero , or
null in the appropriate component of the field (the toroidal field
in our case); this is done by means of a reversal coil as shown in
Fig. 2. The field line passing through the null is called the
separatrix, because its surface of rotation about the magnetic axis
separates the diverted from the undiverted fluxes. Note that if there
is any poloidal field present, the null point does not represent a
zero field point.
The burial chamber wall which intersects the field lines,
and therefore receives the plasma energy, is called the collector
plate. The area of the collector plate must be large, and comparable
in size to the overall vacuum wall area which the divertor is intended
to protect. This requirement is imposed by energy dissipation and
other material and technological considerations. In the EBTR design
study mentioned above, it was determined that about 600 m2 , or 300 m2
in each side of the divertor was adequate to provide the necessary
vacuum wall protection, and energy removal required by the reactor.
The other aspect of divertors, and the one in which we concentrate
here, is sputtering of the collector plate, and the backflow of impurities
from the burial chamber into the main plasma.
In order to assess the severity of the collector sputtering
and impurity backflow problems, it has been necessary to look more
closely at the dynamics of the plasma in the scrape-off region. In
this chapter, we develop a simple theory which descirbes the flow of
ions and electrons there; although far from exhaustive, this theory
accounts for the main features believed to exist in the scrape-off
plasma, such as: low density, high temperature, charge neutrality
(except near the collector plate), as well as numerous instabilities
associated with the mirror field outside the hot electron annulus.
The results of the theory are applied to a conceptual design. Although
some problems are apparent, the outlook for this divertor is generally
positive, and the various obstacles appear to be surmountable through
careful engineering.
An important feature of the EBT divertor (Fig. 2), is the
mechanism for plasma leakage into the burial chamber. In EBT, as in
most other divertors, the scrape-off plasma is located in a mirror
field. The ions in this plasma have few coulomb collisions, but because
they are moving outside of the hot electron annulus, their velocities
are readily randomized by the unstable character of the region;this
randomization increases diffusion because it increases the scattering
rate; the increased scattering, however, leads to increased leakage
from the mirror which in fact maintains the low density. The ion
(and electron) density profiles are found to be very steep, even in
the presence of high diffusion. As we show in Section IV.2, Eq. 4.11
if the ion-diffusion coefficient Di, perpendicular to B, is such that:
D > 32( ) DB (4.1)
where, pi is the ion Larmor radius, L is the characteristic length
of the mirror section and
kT
DB = ,_ (4.2)1 6 eB
is the coefficient for Bohm diffusion, the leakage is dominated by
how fast the particles travel the characteristic length L of the
mirror section, no matter how fast they are scattered into the loss
cone; thus, for cases satisfying inequality 4.1 , the profiles become
flatter, producing higher density near the wall; these situations
should be avoided in an engineering design.
Another important feature of most divertors is their inability
to shield any impurities coming from the wall; this is due to the low
density existing in the scrape-off plasma. We shall show that
the distance 6 from the separatrix to the wall is a free parameter,
and the flux of impurities can be controlled indirectly by locating
the wall at a safe, but not unreasonable distance from the separatrix.
IV.2 Physical Model of Plasma Flow
We consider a simple model in which the fuel ions from the main
plasma leak into the scrape-off layer wi th a characteristic time
T . The first simplification which enters is that we consider a steady
state. The time T is entirely determined by physics within the main
confinement region (see Figure 2). In this region, the ion density
no and temperature To are assumed independently of position. The
scrape-off plasma is separated from the main plasma by the separatrix
surface, located at x = 0. The geometry under consideration here is
shown in Fig. 3. Once the particles cross the separatrix surface,
and enter the scrape-off layer, they diffusion toward the wall with
a diffusion coefficient DV while streaming into the divertor throat;
these two competing effects determine the steady state density profile.
Since the typical thickness 6 of the scrape-off layer is small compared
to the radius r of the main plasma, and since typical EBT reactors will
have a high aspect ratio, we shall use a one dimentional slab model
geometry (see Fig. 3).
A central issue in understanding the behavior of the
scrape-off plasma is that of collisionality. To properly answer
this question one needs to know both the density and temperature
profiles. However, if the density if very low at the wall, then one
would expect that the population of cold ions and neutrals is also small;
thus, the large majority of hot ions from the main plasma retain their
original temperature as they leak into the divertor throat. This low
density is believed to exist in the scrape-off layer of most divertors,
because the mirror field associated with them gives rise to micro-
instabilities; this aspect of the problem has been discussed by Mense,
Emmert and Callen(.
The effect of instabilities is to increase the scattering of
the particles, thus producing high diffusion and also high leakage
from the mirror trap. The leakage, however, can be no faster than the
time it takes a particle to traverse the mirror at its thermal velocity,
no matter how high the scattering rate is. The nature of the scattering
here is not throughconventional ion-ion/electron collisions but by
random electric fields generated by the instability. The ion angular
scattering time T is related to the ion diffusion coefficient
D. through the definition
2
D. = - (4.3)
1 Tei
where p1 is the ion Larmor radius. However, because the leakage is
limited by the transit time, sufficiently high values of Di allow
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diffusion to be treated independently of leakage. In these cases,
the end leakage rate Sn is given by
Sn (x) Vth i (4.4)
nL
where n.(x) is the density profile, and Vth i is the ion thermal
speed. On the other hand, if Di is below a certain fraction f of the Bohm
value, diffusion and leakage are coupled. In these cases, the
end leakage rate is
_n . x)
S = (4.5)
n T
ni(x)
n T e log 10R (4.6)
where R is the mirror ratio; Eq. 4.6 corresponds to scattering
into the loss cone with characteristic time Tei and subsequent loss
out the end. Using Eq. 4.3 , Eq. 4.6 becomes
n (x) D.
Sn 2 lo (4.7)
p1 lg 10 R
The transition from one mode of leakage to the other occurs when
2
Pi L
-L Vthi (4.8)
D V th i
or at ' 3/2
mn. (2T )3/
D = 2 (49)
L(eB)
where mi is the ion mass. Using Eqs. (4.2) and (4.9) one obtains f:
D. mi (2T )3/2
f 1 - = 0 16 eB (4.10)DB L(eB)2 T0
or:
f = 32 P (4.11)
Typical parameters for the EBTR scrape-off plasma are displayed in Table
IV.1 ; for these quantities, Eq. 4.11 yields a value of "-i 3%;
the Bohm value in our case is DB = 312.5 m2/sec; thus values of D
lower than nv 9 m2/sec are treated using Eq. 4.7 , whereas for
D values greater this Eq. 4.4 is used.
As pointed out above, the scattering is produced by random
electric fields due to the instability. The random force eE exerted
by these fields is equal in magnitude for both ions and electrons.
The momentum change, however, is different, thus:
1 = m Vth i Tei , (4.12)
ee m i Vth i
where T and T are the electron and ion angular scattering times
respectively. The ratio, Te /T e, scales as (me/Mi)1/2 for equal
electron and ion temperatures. The ratio of electron to ion diffusion
coefficient is then given by
D p 1 m (4.13)
1 Oe P1
also for equal electron and ion temperatures. The ions diffuse across
the field about 60 times faster than the electrons. This effect
would tend to establish a negative space charge. However, charge
neutrality is assumed to exist in the scrape-off region for two reasons:
a) if the diffusion is turbulent or Bohm-like, it will affect both
ions and electrons in the same way giving equal rates of radial diffusion,
and b) if diffusion is different for each species, and as pointed out
(7)by Simon , the presence of the collector plate (considered to be a
good conductor) tends to neutralize the radial space charge by effective-
ly short-circuiting or line-tying the regions over which it develops;
he concluded that both ions and electrons diffuse radially with an
effective diffusion coefficient equal to that of the ions.
In view of the above description, we are left with two models
for plasma leakage into the divertor throat; these are given by Eqs. 4.4
and 4.7 in their respective regimes of applicability. In the next
section we use these models to obtain the plasma density profile
in the scrape-off layer, assuming charge neutrality.
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IV.3 Density Profile, Mathematical Formulation, and Solution
In the geometry shown in Fig. 3, we write a steady state
equation of continuity where n is taken to be the density of ions or
electrons.
(nvy) = -Sn (4.14)
where Sn is given by Eqs. 4.4 or 4.7 , and the perpendicular flow
velocity v is given by
V = - 3(4.15)
x n Dx
Combining Eqs. 4.14 and 4.15 we can eliminate v to get
n ( 3 )2 - n xD ( . ) -LS (4 .16 )
which becomes:
Sn (4.17)
where we have assumed Di to be independent of position; this is valid
if the scattering is via a constant amplitude, constant spectrum of
fluctuations independent of radius.
Using Eq. 4.4 we solve Eq. 4.17 in that regime:
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a2  2T
L D~ (2) ,(4.18)
ax 2 i 1
by letting
g 2 -~ 2TF (4.19)g2=L D. 'm
the solution becomes
n(x) = A1 e~9X + A2 e g (4.20)
the constant A2 must be zero, since the density must vanish at large
values of x. The constant A1 is obtained by viewing the separatrix
as a perfectly absorbing surface, and thus requiring that the flux
be continuous across it; therefore, if
n r
r 0 (4.21)
is the flux entering from the main plasma, and
r Di ax I x=0 (4.22)
is the flux leaving the separatrix, then Eqs. 4.22 , 4.21 and
4.20 give
nr
D A g = 20 (4.23)
n r 1
1 2r0 Dig
The solution, Eq. 4.20 , then becomes:
nor
n(x) = n r
n r0
2 
-r0
1 e -gx
Di
1o1 M. 1/4
~2T (L D1)1/2 e-gx
n(x) = 0 r (L M 1/4 e g
T 1 0
1/2 2T 1/4
g = ( ))
l 1
(4.25)
(4.26)
Equation 4.25 is shown plotted in Fig. 4 for D = DB, Di = 0.10 DB'
and typical EBT parameters (Table I); the higher the diffusion, the
flatter the profiles become. The presence of a mirror has no effect,
and the density in the layer is quite low.
For diffusion coefficients lower than -- 3% of the Bohm value,
the mirror field has an effect in the resulting profile; we now solve
Eq. 4.17 using Eq. 4.7 :
n
p 2 log 10R
(4.27)
(4.24)
where
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by letting
h2 2 (4.28)
pi log 10R
where (2 mg T )1/2
i eB (4.29)
is the ion Larmor radius. By arguments analogous to those
leading up to Eq. 4.25 , the solution is a decaying exponential
whose coefficient C. is found from Eq. 4.23 by inserting C1 and h
in place of A1 and g; thus,
n r
D C h =0
r 1
C = 2 (4.30)
and using Eq. (4.28)
nri (log0R)1/2  (4.31)C1 2T D. 1 1
the solution in this case becomes
n(x) = (gPi 10R) -hx (4.32)
0 i
ner(2mi T log 10R) -hx
n(x) = 2T eB D. e (4.33)
o 1
Equation 4.33 is shown plotted in Fig. 5 for Di = 0.03 DB, Di = 0.003 DB
and typical EBTR parameters from Table IV.1. Note that the profiles
are steeper than those in Fig. 4; the characteristic decay length
1/h, unlike 1/g in Eq. 4.19~, is independent of Di, more diffusion
means also more leakage; the two effects cancel each other out leading
to no flattening of the profile. The densities near the wall are
lower than those of Eq. 4.25 , and are higher near the separatrix,
a desirable situation from the point of view of shielding and wall
sputtering.
Some consequences of Eqs. 4.25 and 4.33 should be discussed.
First, the location of the wall with respect to the separatrix does
not appear in them; thus, 6 can be chosen on the basis of other engineer-
ing and materials constraints. One can estimate the value of 6 from
the decay lengths 1/g and 1/h depending on how turbulent the scrape-off
layer is. The proper value of 6 must come from an optimization
procedure which among other things accounts for: the Larmor radius
of 3.5 MeV alpha particles born at the plasma edge, economic penalties
resulting from putting the wall too far away, temporal fluctuations
in the magnetic field, and reduction of impurities from the wall to
acceptable levels. Typical values of 6 range between 10 and 20 cm.
The second consequence is that the most probable type of
interaction between neutral atoms sputtered from the wall, and the
very tenuous, hot scrape-off plasma is charge exchange. Since the
mean free path for these interactions is long compared to the lengths
1/g or 1/h, we conclude that the scrape-off layer will be unable to
shield the main plasma by ionizing and removing sputtered particles.
In this sense, the impurities can only be controlled indirectly by
locating the wall as far away as possible,ionization caused by electro-
magnetic irradiation is negligible (as was pointed out in Chapter II)
Finally, Fig. 6 shows the ion profiles for several values
of the diffusion coefficient. Clearly, too much scattering is un-
desirable since the mirror leakage mechanism will not be able to
"keep up"; leading to higher densities near the wall. This is shown
by the curves for D = DB, and D = 0.10 DB* On the other hand, a
substantial amount of scattering can certianly be tolerated, as long
as inequality 4.1 is not satisfied, and is in fact beneficial because
in this regime , higher diffusion coefficients lead to lower densities
near the wall. This is shown in Fig. 6 by the curves for D = 0.03 DB
and D = 0.003 DB* The domain of inequality 4.1 can be reduced by
reducing the length L and the magnetic field B; optimization of these
parameters is again important here since L and B are also important
to the physics of the main confinement region.
Having thus described the flow of plasma into the divertor
throat (Eqs. 4.4 , 4.7 , 4.25 , and 4.33 we now look at its
implications on the burial chamber and collector plate; these points
are considered in the next section.
IV.4 Burial Chamber, Conceptual Design and Assessment
The stream of hot plasma entering the divertor throat must
be channeled to a burial chamber where it can be cooled, neutralized
and removed. Fig. 7 depicts the conceptual design of such a chamber.
The field lines are guided into it by means of shaping coils, and then
are allowed to spread over the large surface area of the collector
plate. The collector plate generally intercepts the field at right
angles, although this need not always be the case. This is an area
where a careful design can produce substantial gains, as we shall
discuss later. In EBT the bulk power per plate on the collector,
about 100 MWth is to be removed by conduction through the plate
material. The collector area required to remove this power without
exceeding metalurgical limits has been found in a previous study to
be approximately 300 m2 in each side of the divertor, giving a con-
servative wall loading of 0.45 MWth/m 2 when only 3 out of 4 divertors
are operating (5). Under the assumption that the energy removal can
be handled by a large collector area, we concentrate on the problem
of collector sputtering and impurity back-flow. The sputtering here
comes chiefly from 15 KeV deterons and tritons and to a lesser extent
by thermal alpha particles. The chamber is to be maintained at low
density through rapid pumping. It is convenient to write the ratio
+ of the throat to collector areas
2r 6 2 (4.34)
2(r + k) d + d
where k is the length of the channel and d is the width of the
collector (see Fig. 7).
The first requirement that the divertor must meet, is
that the backflow of impurities sputtered from the collector be small
compared to the impurity flow from the wall if there were no divertor;
the latter flow Fzw is given by
n r
Fzw = r A S (4.35)
zw 2T1 p w
where A is the area of the plasma. The quantity Sw is the sputtering
yield for the particular material. For stainless steel, the impurities
are mostly iron atoms (mz = 55 mH, where mH is the mass of hydrogen),
and the sputtering yield Sw is 4.6 x 10 at 15 KeV (8) For the EBTR
parameters shown in Table I, and assuming that the impurities appear
as -1 eV iron atoms, Eq. 4.35 gives a value of Fzw = 2.76 x 1019 sec~ ,
if everything hit the wall. This same number also must leave the
collector is everything is diverted there, and the collector is made
of the same material. The number of impurities reaching back into
the plasma depends on the geometry of the chamber, and the channel
leading to it, as well as on the probability of ionization. If the
mean-free-path x for ionization is large compared to the dimensions
of the chamber, then impurities are likely to backstream as neutrals.
Substantial advantate in reducing this back-flow is gained if the
channel is long and narrow, and if the neutrals stick to the walls.
The mean free path Xcx for ionization by charge exhange
(the most likely type of interaction) is
X vz 1
cx v - (4.36)i nca
where Be is the average plasma density in the chamber, acx is the
cross section for charge exchange, and vi and vz are the thermal speeds
of ion and neutral respectively. Data for charge exchange at high
energy, with metallic atoms typical of first wall and collector
materials are not yet available; we assume a value of acx ~ 10-19 m2 (9)
The average ion density ic must scale like
nc = n+ (4.37)
where B9 is the average ion density at the throat, and the dimensionless
area ratio + was defined by Eq. 4.34 . The ratio of speeds is
simply (T m./mTzT) or a value of - 10-3 for 1 eV iron atoms. From
Fig. 7, and using values of d = 7 m, k = 2 m, and 6 = 0.1 m, Eq. 4.34
gives a value of 2 x 10- 3 ; the ion density in the chamber is then 1012
to 1013M-3; the mean free path is -v 1000 m for n = 1013M-3. Thus,
the probability of ionization is low.
The atom density in the chamber is given by
mz
nz ri QS( )2 (4.38)
z
where
n 0r NL
r = 2T (4.39)
is the average ion flux (m-2sec~1 ) at the throat and N is the number
of mirrors between divertos. Eq. 4.39 can be obtained also from the
results of the previous section, by finding the average flux from
the leakage rate Sn and assuming it scales linearly with the number
of mirror sections N, as follows:
r = NL Sn (4.40)
and
r =Tf NL Sn dx (4.41)
This becomes after some algebra
r- NL f nor e-bx dx (4.42)6 2  p (log10R)
and using Eq. 4.28 and performing the integral
- .NL nor b6
r = 2. (1 - e-) (4.43)
which, if 6 >> 1/b becomes
NL n 0r
= (4.39)
which is the desired result. Eq. 4.25 follows the same fate when
an analogous operation is performed. Eqs. 4.38 and 4.39 give
n r NL (4.40)
z 2,0 T 2Tz
if the channel is long and narrow, with characteristic dimensions
(k/M) = /(2 + 62)P, where 9 is the length of the channel and if the
probability of particles sticking to the walls is near unity the impurity
density at the throat is
=nor NL S(m 1  -k
nz ) 1-tM (4.41)
and the total flow from the divertor is then
Fz nr NL Sc 27r(1 - k/M) (4.42)
0
We can define a quantity y which measures the divertor performance
as
_ impurity flow without divertor
impurity flow with divertor (4.43)
from Eqs. 4.35 and 4.42
~ PI NK Sc 2 (1 - Z/M)
S
Sc w (1 F/M)
where we have allowed for different sputtering yields from the
vacuum wall Sw and collector plate Sc* If the sputtering yield
from the collector is approximately equal to that of the wall material,
$ ~ 10 -3, k = 2m, and 6 = 0.1 m, Eq. 4.44 gives a value of
y n, 8x10 5, the divertor performs very well. The advantages of divertors
are mainly geometrical as can be seen from Eq. 4.44 . Note that the
value of y approaches unity as the throat area becomes the whole
area ( ->. 1) and the length k of the channel approaches zero. Thus,
the length k must be as large as possible, whereas the area ratio
$ as small as possible; as mentioned earlier, a careful design can .produce
substantial gains. The area ratio $ for example, can be increased
by a design such as that shown in Fig. 8; the plasma energy is collected
by cooled fins spiraling radially outwards about the magnetic axis;
the pumping penalties introduced by the presence of fins may be
ameliorated by the fact that the total volume can be made smaller.
IV.5 Concluding Remarks
Because of mirror instabilities and high effective collisionality,
the scrape-off plasma is too tenuous to produce any significant amount
of shielding. The impurities from the first wall however, can be
controlled indirectly by placing the wall at a "safe" distance from
the separatrix. The scrape-off thickness 6 is a free parameter which
must be the result of an optimization procedure;6 must be large
enough to allow for temporal fluctuations in the field; we consider
10 cm to be adequate. The leakage of plasma into the divertor throat
can proceed via either of two mechanisms depending on the degree of
collisionality; too much collisionality is undesirable, but values
much large than classical can certainly be tolerated, and are beneficial
since they lead to low densities near the wall.
The largest difficulty in divertor design is to provide a
large surface area (of the order of the first wall area) in a
manageable volume; this aspect requires careful engineering.
Conventional divertors are effective in reducing the backflow
of impurities by a factor as high as 8 x 105 if the channel is long
and narrow, and its walls are perfectly absorbing. The advantages
of divertors are of a geometric nature, and appear in quantities
like k,$ , and M.
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Figure Captions
1. Plan View of EBTR.
2. Simplified View of Toroidal Divertor.
3. Slab Model Used in Analysis of Plasma Flow.
4. Ion (and Electron) Density Profiles for D = DB and D = 0.1 DB'
5. Ion (and Electron) Density Profiles for D = 0.03 DB and
D = 0.003 DB'
6. Density Profiles for Various Diffusion Coefficients.
7. Schematic of Conventional Burial Chamber Design.
8. A Low Volume, High Collector Area Burial Chamber Design.
Table IV.1 . Typical EBTR Parameters.
no = density in main plasma = 1020m-3
T = temperature in main plasma = 15 KeV.
r = radius of main plasma = 1 m.
T = particle confinement time in main plasma = 10 sec.
L = length of mirror section = 10 m.
B = magnetic field = 3 T.
R = mirror ratio in scrape-off = 2.5 .
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Appendix I
Hoop Stresses in Normal Coil
For the magnet to be able to hold itself, each volume element
must be in static equilibrium. An infinitesimal volume in cylindrical
coordinates is chosen (shaded area in Figure 3 of Chapter III).
One requires that:
(1.1)F_ = 0
where the left hand side represents the vector sum of all the forces
acting on the body. From Eq.(I.1) we get
dF = 2T(r)y (1.2)
(1.3)(r) = a(r) dr dz
= a(r) cos(7r/2 - de/2) dr dz;
so that
dF = 2a(r) cos(7r/2 - de/2) dr dz (1.4)
By a trigonometric identity cos(7/2
we have made use of the small angle
- de/2) reduces to
approximation, thus:
(de/2). Here
dF = a(r) de dr dz ,
and
r ( r ) = d d Fa~)=do dr dz
but
(1.5)
(1.6)
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By obtaining the magnetic field as a function of radius one can
compute the J x B body forces on the coil
B(r) =- r + B +- rt a t a (1.7)
valid for
ra < r < ra + t.
dF
-d- = J x B = J B(r),
(1.8)
( 1.9)
because J and B(r) are orthogonal
.. J[AB (ra-r) + Ba
dv = r dr dedz. (I.11)
From Ampere's Law:
so that:
dF = AB [ (ra-r) + Ba]Pi0 t Lt r dr dedz.
Substituting this in we get
AB
P~r 0 t_ (ra-r) + Bat aa
j AB
ot
(1.12)
(1.13)
(I.14)r .
Let r = ra + x as shown in Figure 3 of Chapter III so that
(x) = B (ra + x) [AB(-L) + BP 0t B t a]
ar(x) = FB + B (, ) -
AB(B ) AB(B )
(x) = Pa + . a-
0 0
2
06 t
AB 2+ Ba],
t
S(AB)2 ) 2
v0
a(x) = (AB) (Ba +
0
Lets define a new variable E =(x/t).
in a more compact form
(AB)(Ba)
Po
- () 2
PO~
+ ( X )2 (1.18)
This allows us to write the result
+ - (AB) 2  + 2 (1.19)6 110
In order to get a better picture of the problem we wish to plot
the maximum hoop stress (amax) as a function of the aspect ratio
(6) for various values of AB (the externally supplied superconductor
field is kept fixed at 200 KG); this is done in Fig. 4 of Chapter III
Differentiating eq. 1.15 one gets
da ABB (AB)2  _ 2(AB)2  . (.20)
d y11 16 0)
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, (1.15)
(1.16)
(1.17)
Setting = 0-
2(AB)2
iJ 6
AB Ba
U10
B
a
AB
B
= 2ABa
one gets:
2(AB)2 .
1 -
1 -1
Therefore
Umax = a(E*).
Note that for sufficiently low values of 6 the equation
will yield an unphysical value for (* namely E* <
A B
-B a
0; thus, for
(1.26)
the maximum "physical" stress occurs at the inner edge of the coil
or for g = 0; and it is given by
AB B
amax U06a
AB
a
(1.27)
An example for B a = 500 KG, AB = 300, and 6 = 2 is shown in Fig. 1.1.
NOn Uniform Current Density (Bitter Coil)
Ohm's law is
V = RI
111
(1.21)
(I.22)
B
(a ) .
(1.23)
(I,24)
(1.25)
(1.28)
112
AB =300KG
B a = 500 KG
-BITTER SOLENOID = 2
UNIFORM CURRENT-
DENSITY COIL
I I I I I I I I I I
0.8 0.9 I
INTO COIL (c)
0.1 0.2 0.3 0.4 0.5 0.6 0.7
NORMALIZED DISTANCE
Figure I.1
1.4 F-
1.3
1.2
1.0
1.0
*
0
x
Q.
b
U)
U)
o
cr
0
0
:c
0. 9k--
0.8
0.7
0.6 1-
0.5
113
the resistance in an element of conductor is:
dR = p2i rtdr (1.29)
where p = electrical resistivity.
the current in that element is:
dI = J(r) kdr: (1.30)
thus
V = p2irr J(r)kdrP£dr
also
Thus
= constant
V = p2r ra Ja
J(r) = 2___J 2rr
p2-r ra a
Jr 2 r
J(r)= Ja (a)r A
From Ampere's Law,
_ . d% = -y I;
-B 0 + B(r)k =
(1.31)
(1.32)
(1.33)
(1.34)
(1.35)
(1.36)
(1.37)
r
-1 y J (r) dr.
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from eq. (1.35) we have:
B(r) = -y 0 Jr rJ a dr + Ba r0
B~r Ja ra n ({-) + B .o a ar a 0
from the assumption that the coil is very long
B a B 0
B(r) = Ba o a ra ra
at r = ra, B = B a
dB r) _
dr a r 
ar
o a a r ra
d2Br) 
_ad2 B 2o a
d2B(r) J
dr2 = o a
r adr1
ra dr
r2
r
(1.38)
(I.39)
(I.40)
(1.41)
(1.42)
(I.43)
( .44)
(1-.45)
To find the force per unit volume one integrates J x B from
ra to (ra + t)
dF J(r) B(r).
V (I.46)
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dF =Jz aBa ~ V a ra n ( dV (1.47)
zr (r)10 rdrdrda
dF =Ja Ba ~ a ra n (L) r dr de dz . (1.48)
Using eq. (1.6) we find a(r).
(r) = Ja a Ba - o a ra rn a (I.49)
a(r) = Ja ra[Ba = 1o a ra)2 'n (r)] (.50)
Applying eq. (1.41) to the outer edge of the inner coil we have
B(ra + t) = Bs.C = Ba - Po Ja r . n (1.51)
yo Ja ra kn (1 +6)= Ba -B S.C (1.52)
y J a ra kn (1 + 6)= AB. (1.53)
eliminating (J a r ) from eq. (1.50) we get
' 2,n (r/r )A)(r=a AB P0 knW a )A)2 (1.54)r = Ba o kn (1+6) ~y2 (tn (1+6) )2
[Ba AB (AB)2 9n (r/ra)
a(r) =1- -(I.55)O [.n (1+6) (9n (1+6) ) 2
dar F1 (AB)2  r _ = 1 AB 2 (I.56)
dr yo (9n (1+6) )2 ra o Ln (1+6) 
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so that a(r) has a minimum at r = co. The maximum stress occurs
at r = ra and it is:
B
Bmax a ABi~n (1+6) (1.57)
Equation (1.55) can be rewritten as follows:
a(P) =
1o0
Ba AB _(AB) 2 zn (1+C6)
Ln (1+6) (kn (1+6) ) 2 (L.58)
An example for B a = 500 KG, AB = 300 and 6 = 2 is also shown in
Fig. t.1.
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Appendix II
Magnet Power Dissipation
The instantaneous power dissipated is:
Pm = 1
2R
I2 = (J(r) dr ) 2
watt
R = P 2 , ohms,
p = resistivity in ohm-meter;
d P = J()idm idr
- (J(r) )2
2
r) p2ir
(11.1)
amp (11.2)
(11.3)
(11.4)
(11.5)
(11.6)p27 k r dr
integrating,
Pm =
ra+t
27 k p J2(r) r dr;
Case 1 uniform current density coil equation becomes
ra~t
= 21 2 p J L
-2 r a
2
= 2T p J2 (r + 2r t + t2 _aa
where
and
where,
thus,
(11.7)
P
m,
(11.8)
(11.9)
= 7r P 12 (2rat + t -
From eq. (1.12) in Appendix I,
j = AB
M 7r p (AB) 2
1o t
7T p (AB) 2
10
IT P (AB)2
2
110
(2rat
(2ra
(1 + 2/6)
+ t 2
+ t2)
watt
m
Case 2 - Bitter solenoid .
ra+t
2w p f
r2
ra
r
= 27r p (a r a)2
= 27r p (Ja r a)2
r dr
r + t
a
zn (1 + 6)
From eq. (1.53) in Appendix I we have
(a ra )2 - (AB)2
v. (kn (1+6) )2
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(II.10)
thus:
(1.12)
(II .11)
(11.12)
(11.13)
P
m
( I.14)
(11.15)
(11.16)
( 11.17)
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and we get
Pm
P
= 27r p
_27 p (AB) 2 n (1+6)
110 (yn (1+6) )2
AB 2(-) gn (1+6)
(11.18)
watt
m (11.19)
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List of Symbols
Chapter II
acx- charge exchange cross section, m2 .
VL - normalized charge exchange layer velocity, m/sec.
Vr - ion-neutral relative velocity, m/sec.
vg - neutral gas velocity, m/sec.
vL - charge exchange layer velocity, m/sec.
Xcx - charge exchange mean free path, m.
Xcx max - charge exchange M.F.P. for cold gas on cold plasma, m.
Acx mi - charge exchange M.F.P. for cold gas on hot plasma, m.
X - initial charge exchange layer thickness, m.
x - distance, m.
n (x) - hot plasma density profile, m-3
n- initial gas reservoir density, m-3
ng - neutral gas density profile, m-3
-3
nL - initial layer average density, m .
0
2
PW- instantaneous power per unit area deposited on wall, Watt/m2
P - survival probability.
(V) - error function
Un - energy per charge exchange neutral, Joule.
m, n p* - constants for straight line approximation.
a - thermal speed of gas atoms, m/sec.
t - time, sec.
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to - time at which layer first forms, sec.
2B - magnetic field, Weber/m
p- influx of hot plasma particles into layer, m-
2 sec~ 1.
r - gas particle current in x direction, m-2 sec~ .
K - thermal conductivity of material, Watt/m 0K.
3
p - density of wall material, Kg/m3
C - specific heat of wall material, Joule/Kq 0K
p
D - heat diffusion length, m.
T - heat diffusion time, sec.
T - initial wall temperature, OK.
Tt - final wall temperature, 0K.
AT - temperature excursion, 0K.
Q - heat content per unit area, Joule/m2
Chapter III
r- alpha particle Larmor radius, m.
r - radius of solenoid, m.
ra - inner radius of solenoid, m.
- end loss reduction factor.
x - wavelength of laser radiation, m.
T - plasma temperature, Joule.
2
B - magnetic field, Weber/m
2
a- tangential "hoop" stress, Newtons/n
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B a - total magnetic field, Weber/m2
P - magnetic pressure, Newtons/m 2
P - power dissipated on windings, watt.
2
P - wall loading, Watt/m2
J - electrical current density in windings, coulomb/sec m2
yo - permeability in free space, Kg m/coulomb
2
2AB - portion of field supplied by the normal coil, Weber/m
Vth - thermal speed of plasma ions, m, sec.
X - distance from magnet inner wall, m.
6 - magnet aspect ratio.
- normalized distance in coil.
P - power dissipated in windings, Watt.
p - resistivity, Kg m3/sec coulomb2
L - reactor length, m.
nth - thermal to electric conversion efficiency.
k - Boltzman Constant, Joule/0 K.
<av> DT - D-T fusion reaction reactivity, m 3/sec.
EDT - energy per fusion event, Joule.
A - cross sectional area of plasma column, m2
f - plasma duty factor.
Tb - burn time, sec.
p - cycle duration, sec.
- plasma pressure/magnetic pressure.
ga - alpha particle charge, Coulomb.
ma - alpha particle mass, Kg.
E - alpha particle energy, Joule.
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t - absorption length for inverse Bremsstrahlung, m.
Ti - initial plasma temperature, KeV.
Tf - plasma temperature after adiabatic compression, KeV.
ni - initial plasma density, m-3
nf - final plasma density after adiabatic compression, m
3
n - plasma density, m-
Chapter IV
D i- ion radial diffusion coefficient, m2/sec.
DB - Bohm diffusion coefficient, m2/sec.
P - ion Larmor radius, m.
L - characteristic length of mirror section, m.
k - Boltzman constant Joule/ 0 K.
e - electronic charge, Coulomb.
B - magnetic field, Tesla.
6 - scrape-off layer thickness, m.
-r - angular scattering time for ions, sec.
Sn - particle leakage rate into divertor, m-3 sec~-
-3
ni(x) - ion density profile, m-
Vth i - ion thermal speed, m/sec.
R - mirror ratio.
f - denotes transition from one regime of scattering to the other.
T - temperature of scrape-off plasma, Joule.
m. - D-T ion mass, Kg.
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v - radial diffusion flow velocity, m/sec.
g - characteristic decay length for ion profile (high scattering), m~1.
h - characteristic decay length for ion profile (moderate scattering), m1
r - radius of undiverted plasma column, m.
T - confinement time for particles in main plasma, sec.
n - density in main confinement, m-3.
$ - area ratio of throat to collector.
d - width of divertor plate, m.
Fzw - impurity flow from wall if no divertor, sec~ 1.
A - plasma surface area, m2 .
SW - sputtering coefficient from the wall.
Sc -sputtering coeffient for the collector.
Acx - charge exchange mean free path, m.
-3
nic - average ion density in burial chamber, m-
a - charge exchange cross section, m2.
vz - impurity atom thermal speed, m/sec.
vi - fuel ion thermal speed, m/sec.
n - average ion density at the throat, m-3
mz - impurity mass, Kg.
nz - impurity density in chamber, m-3.
r - ion current into divertor (average), m-2sec
Tz - temperature of impurity atom, Joule.
N - number of mirrors between divertors.
t - length of channel leading to burial chamber, m.
M 2 + 62i.
y - divertor performance.
